Most chicken strains are highly susceptible to avian leukosis virus (ALV) induction of bursal lymphoma, involving proviral integration within the c-myc protooncogene, while certain strains are genetically resistant to lymphomagenesis. A nested PCR assay was developed to analyse the appearance of proviral c-myc integrations after ALV infection of lymphoma-susceptible birds, and to determine whether these integrations arise in lymphoma-resistant birds. Proviral c-myc integrations are detected in bursa and other tissues from 6 day-old lymphoma-susceptible birds infected as embryos. The abundance of bursal cells carrying these integrations increases roughly 40-fold by 35 days of age, indicating that these cells hyperproliferate within the bursal environment. Bursal cells with proviral c-myc integrations also arise soon after infection of lymphomaresistant embryos. However, these cells expand much more slowly than cells from lymphoma-susceptible birds. Both strains show the same rate of viral infection, so that resistance to lymphomagenesis occurs at a step subsequent to proviral c-myc integration. Proviral c-erbB gene integrations arise at the same frequency in bursa and other tissues of both strains, and they do not increase in abundance during development. These ®ndings indicate that the mechanism of resistance to lymphomagenesis involves speci®c inhibition of cells with proviral c-myc integrations within the bursa.
Introduction
Avian leukosis virus (ALV) eciently induces bursal lymphomas in susceptible chicken strains after proviral integration within the c-myc proto-oncogene (Hayward et al., 1981) , and subsequent LTR-driven c-myc hyperexpression (Linial and Groudine, 1985) . This provides a model experimental system to analyse the earliest stages of c-myc tumor induction, for comparison with human cancers involving de-regulated c-myc gene expression, such as lymphomas, breast cancer, and lung cancer (Escot et al., 1993; Krystal et al., 1988; Pellici et al., 1986) , where early stage tumor induction cannot be studied in vivo. The c-myc gene encodes a transcription factor that functions in the regulation of proliferation, apoptosis, and dierentiation (reviewed by Henriksson and Luscher, 1996) , so that deregulation of c-myc expression could promote transformation by interfering with one or more of these programs.
The ®rst visible sign of lymphomagenesis after ALV infection is the appearance of transformed bursal follicles, distinguished by their enlarged size and dierential staining with methyl green pyronin (Cooper et al., 1968; Neiman et al., 1980) . Five to twenty of these follicles arise among the 10 000 normal bursal follicles, and each transformed follicle is clonally expanded from a cell carrying a proviral c-myc integration (reviewed by Ewert and deBoer, 1988; Neiman, 1994) . One of these follicles progresses to form a metastatic lymphoma after 3 ± 5 months, presumably after alteration of a second protooncogene such as c-bic (Clurman and Hayward, 1989; Tam et al., 1997) . ALV infection can also induce erythroblastosis tumors after proviral integration within intron 14 of the c-erbB gene (Kung et al., 1991) . This integration can result in the production of a truncated erbB fusion protein that is thought to function as a constitutively active epidermal growth factor (EGF) receptor kinase (Callaghan et al., 1993; Nilsen et al., 1985) , which promotes abnormal proliferation of erythroblasts in the bone marrow and spleen.
Most strains of chickens are highly susceptible to ALV lymphomagenesis, while the Line 6 3 or FP strains are resistant to tumor induction (Baba and Humphries, 1984; Fung et al., 1982) . The level and rate of viral infection is similar in these strains, suggesting that tumor resistance is expressed at a step subsequent to the initial virus infection. This resistance is encoded by the target bursal cells, as shown by transplantation of bursal progenitors between lymphoma-susceptible and -resistant birds (Purchase et al., 1979) . Tumor susceptibility is also developmentally regulated in the lymphoma-susceptible strains, as birds must be infected with ALV before 2 weeks of age to eciently form tumors (Burmester et al., 1960; Maas et al., 1982) . It is not known why immature bursal cells are the target for ALV lymphomagenesis. One characteristic of these cells from lymphoma-susceptible birds is lability of LTR-enhanced transcription after treatment with protein synthesis inhibitors, while more mature bursal cells show stable LTR-enhanced transcription that is unaected by protein synthesis inhibition (Ruddell et al., 1988) . Moreover, LTR-enhanced transcription is stable in immature or mature bursal cells from lymphoma-resistant chicken strains. These ®ndings suggest that the pattern of regulation of LTRenhanced c-myc expression could be important in determining the susceptibility or resistance of imma-ture bursal cells to lymphomagenesis (Bowers et al., 1994) . However, the eects of these dierences in c-myc transcription regulation on early events of lymphomagenesis is not yet known.
We developed a nested PCR assay to identify and monitor the appearance of cells with proviral c-myc integrations after ALV infection, in order to analyse the B cell-speci®c induction of lymphomas involving cmyc. Ampli®cation of genomic DNA from infected birds with viral LTR and c-myc gene exon 2 primers identi®ed ®ve to eight distinct proviral c-myc integration events in bursas from 35 day-old lymphomasusceptible birds, in good agreement with the number of visibly transformed bursal follicles observed at this stage (Gong et al., 1998) . Cells with these integrations are highly abundant within the bursa by 35 days of age, as they comprise roughly one in every 350 cells. Cells with proviral c-myc integrations also were detected in spleen, bone marrow, and brain, although they were much less abundant than in the bursa. In contrast, proviral c-erbB integrations ampli®ed using viral LTR and c-erbB gene intron 14 primers showed similar abundance in each tissue. These ®ndings suggested that cells with proviral c-myc integrations preferentially arise within the bursal environment. In this study, we used the PCR assay to analyse the appearance of cells with proviral c-myc and c-erbB integrations after ALV infection of lymphoma-susceptible Line 15I 5 67 1 or -resistant Line 6 3 embryos. Comparison of these integrations in each strain allowed us to determine that cells with proviral c-myc integrations do arise in lymphoma-resistant birds, so that the block to tumor induction occurs at a stage after the initial proviral integration.
Results

Appearance of proviral c-myc integrations in lymphoma-susceptible birds
We previously developed a nested PCR assay that detects proviral c-myc gene integrations in ALVinfected 35 day-old lymphoma-susceptible Line 15I 5 67 1 birds (Gong et al., 1998) . Figure 1 depicts the sense LTR and anti-sense c-myc exon 2 primer sets used for PCR ampli®cation, and the c-myc intron 1 probe used to detect these integrations. The majority of proviral c-myc integrations in infected tissues or tumors arise within a 1 kb region of intron 1 and exon 1, as illustrated in Figure 1b . The nested PCR assay speci®cally ampli®es integrations throughout this region, with sensitivity to near single copy levels, or roughly 1 in 100 000 cells (Gong et al., 1998) . This assay is quantitative, in that increasing the amounts of input DNA analysed increased the yield of PCR products detected (Gong et al., 1998) . This PCR assay was used to analyse the appearance of proviral c-myc integrations at early stages after ALV infection of Day 10 Line 15I 5 67 1 embryos. Day 17 embryos and 6 dayold birds were analysed, to study the stage during the developmental window important for tumor induction before 2 weeks of age. Birds were also analysed at 24 and 35 days of age, as these represent later stages when tumor induction is ®rst visible in the appearance of transformed bursal follicles.
Analysis of bursal DNA at day 17 of embryogenesis did not detect any proviral c-myc integrations (data not shown), assayed at 7 days after the initial infection. Control assays using DNA from uninfected birds also did not detect any integrations (data not shown). However, proviral c-myc integrations were detected in ®ve out of six birds at 6 days of age (Figure 2a) , with an average of two integrations per bursa (Table 1) . Bursas from 24 and 35 day-old birds show an increased number of integration events, to an average of ®ve and seven integrations per bursa, respectively ( Table 1) . The 35-day bursal samples gave an identical pattern of ®ve to eight c-myc integrations in assays using 3 mg of input DNA (Figure 2a) , as was previously observed in experiments using 1 mg of DNA (Gong et al., 1998) , supporting the idea that the major integration events are detected by this assay. The ampli®ed proviral c-myc integrations range from 200 ± 1100 bp in length at all ages (Figure 2a) , mapping from 30 ± 930 bp upstream of exon 2 (Figure 1 ). The abundance of cells with these integrations increases roughly 40-fold from 6 ± 35 days of age, as estimated by phosphorimaging analysis (Table 2 ). These data demonstrate that bursal cells with proviral c-myc integrations expand rapidly after the initial integration event. These integrations accumulate fairly continuously between 6 and 35 days of age, so that there is no obvious feature of cells with proviral c-myc integrations that is unique to the developmental window of tumor susceptibility before 2 weeks of age.
A PCR assay for viral LTR sequences was used to assess the spread of viral infection at each age. The LTR primers were designed so that they do not amplify related endogenous virus sequences, as con®rmed by control PCR reactions using genomic DNA from uninfected birds (data not shown). Viral infection was detected in only three of six bursas from day 17 embryos, at very low levels (data not shown). (Robinson and Gagnon, 1986; Shih et al., 1984) or in infected tissues (Gong et al., 1998) are depicted by arrows However, all samples contained detectible LTR sequences at 6 days of age and thereafter (Figure 2b ). Viral LTR levels are maximal by 6 days of age, indicating that the small dose of virus used was able to rapidly replicate and spread during this 17 day interval after the initial introduction of virus. These data also indicate that the increase in cells with proviral c-myc integrations observed after 6 days of age is a speci®c feature of bursal cells carrying these integrations, and does not merely represent increasing spread of the viral infection.
Appearance of proviral c-myc integrations in other hematopoeitic tissues
We previously examined proviral c-myc integrations in spleen and bone marrow of 35 day-old ALV-infected birds, and found that c-myc integrations are detected in these tissues that do not give rise to lymphomas, although at a lower absolute number and abundance than in the bursa (Gong et al., 1998) . We analysed the developmental appearance of these integrations in the spleen and bone marrow, to determine whether cells with proviral c-myc integrations also hyperproliferate in tissues that do not give rise to tumors. These tissues were assayed in the same experiment as the bursal samples from each bird (Figure 2a) , and the same autoradiographic exposures were used, so that the tissues can be directly compared. Proviral c-myc integrations are detected in 6 day spleen ( Figure 3a ) and bone marrow (Figure 4a ), and show an average abundance similar to that of 6 day bursal cells with proviral c-myc integrations, as determined by phosphorimaging analysis (Table 2 , and data not shown). The average number of integrations is also similar in each tissue, at two integrations per sample (Table 1) . These ®ndings indicate that tumor target or non-target tissues are equally able to support cells with proviral cmyc integrations at this early stage after infection.
Proviral c-myc integrations increased in abundance from 6 ± 35 days of age in the spleen (Figure 3a ), although they increased only about tenfold, much less that the 40-fold increase observed in the bursa between 6 and 35 days of age ( Table 2 ). The average number of proviral c-myc integrations also increased to lower levels in spleen and bone marrow than in the bursa (Table 1 ). These ®ndings show that while cells with proviral c-myc integrations arise with the same frequency and abundance in all tissues at 6 days of Figure 2 Appearance of bursal cells with proviral c-myc integrations after ALV infection of Line 15I 5 67 1 embryos. Proviral c-myc integrations were ampli®ed by a nested PCR assay using sense LTR and antisense c-myc primers, followed by agarose gel electrophoresis and Southern blot hybridization with a c-myc intron 1 probe. (a) Proviral c-myc integrations were ampli®ed using 3 mg genomic DNA from bursas of 6, 24, and 35 day-old Line 15I 5 67 1 birds. The migration of HindIII-digested lambda DNA molecular weight marker (M) is indicated in kilobases. The position of integrations within exon 1 and intron 1 of the c-myc gene is outlined. (b) PCR ampli®cation of viral LTR sequences in 0.15 mg bursal DNA using LTR primers, followed by agarose gele electrophoresis and Southern blot hybridization with LTR sequences age, the bursa provides a special environment supporting the expansion of these cell populations at later stages. Nearly all of the integrations in spleen and bone marrow are dierent lengths than those observed in bursas from each bird, at each of the ages analysed. This indicates that the cells with proviral c-myc integrations arose independently in each tissue, and that they do not represent cells in the early stage of metastasis. While the bursal integrations are likely to arise in B lymphocytes, the integrations detected in spleen and bone marrow could arise in other cell types, which may respond dierently to c-myc gene deregulation.
The decreased rate of appearance of cells with proviral c-myc integrations in the spleen and bone marrow is not due to slowed viral infection in these tissues. Levels of viral infection within the spleen and bone marrow were analysed by PCR with 5' and 3' LTR primers. Viral LTR levels are maximal by 6 days of age in the spleen (Figure 3b ) and bone marrow (Figure 4b) , and the levels obtained are higher than those in the bursa (Figure 2c ) at each stage. These ®ndings indicate that these tissues become rapidly infected, so that maximum virus levels are achieved by 6 days of age in all sites. The preferential increase in cells with proviral c-myc integrations in the bursa therefore is not due to a faster rate of viral infection in this organ.
Proviral c-myc integrations are also detected in lymphoma-resistant chickens
The Line 6 3 chicken strain is resistant to ALV tumor induction, even though these birds show high levels of ALV infection and proviral integration similar to those of Line 15I 5 67 1 susceptible birds (Fung et al., 1982) . The nested PCR assay was used to determine whether proviral c-myc integrations ever appear in lymphomaresistant birds, or whether cells with these integrations arise and then fail to proliferate. These PCR reactions and Southern blot hybridizations were performed in the same experiments as those with lymphomasusceptible birds, so that results from each strain can be directly compared. Four out of seven bursas from Line 6 3 strain embryos contained single proviral c-myc integrations at low levels at day 17 of embryogenesis, while integrations were not detected in Line 15I 5 67 1 embryos at the same stage (data not shown). Cells with proviral c-myc integrations were also detected in two of ®ve Line 6 3 bursas at 6 days (Figure 5a ), and in two birds at 11 days of age (data not shown). These integrations were detected in all of the Line 6 3 birds at 24 and 35 days of age (Figure 5a ). About half of the integrations increased in abundance between 6 and 35 days of age, while others did not appreciably increase during this time. A smaller number of integration events was detected in lymphoma-resistant birds, increasing to only three integrations per bursa, in contrast to the seven integrations observed in bursas from lymphoma-susceptible birds (Table 1) . The average abundance of cells with proviral c-myc integrations was also lower at all stages in bursas from Line 6 3 birds (Table 2 ). These ®ndings indicate that while cells with proviral c-myc integrations arise at early stages after infection of resistant birds, some mechanism inhibits the expansion of these cells within the bursa. The spread of viral infection in Line 6 3 birds was analysed by PCR assay of LTR sequences, to determine whether the decreased incidence of proviral c-myc integration in this strain is due to delayed spread of the infection. Viral infection was detected in ®ve of seven bursas from Line 6 3 day 17 embryos (data not shown). Viral infection was readily detected in all resistant birds (Figure 5b and data not shown) at levels similar to those observed in bursas from lymphomasusceptible birds (Figure 2b ). These data are in agreement with previous studies showing that Line 15I 5 67 1 and Line 6 3 birds are equally infected with virus after 4 weeks of age (Fung et al., 1982) . These ®ndings indicate that the decreased number of cells with proviral c-myc integrations in resistant birds is not merely due to a slower rate of virus infection and spread in this strain. Instead, some other mechanism must retard the appearance and expansion of cells with proviral c-myc integrations in Line 6 3 birds.
Proviral c-myc integrations were also analysed in spleens from Line 6 3 birds, to determine whether c-myc integrations in other tissues are aected by the resistance to tumor induction. These integrations arise in the spleens of resistant birds (Figure 6a ), and increase in abundance to a lower level than in susceptible birds ( Table 2 ). The average number of integrations per spleen does not change from 6 ± 35 days of age, in contrast to the threefold increase observed in spleen from susceptible birds (Table 1) . Again, these dierences are not due to a lower rate of virus infection in the resistant birds, as the virus levels detected by the LTR PCR assay are similar in the Line 6 3 (Figure 6b ) and Line 15I 5 67 1 (Figure 3b ) spleen samples. These ®ndings indicate that the spleen as well as the bursa of resistant birds shows reduced numbers of cells with proviral c-myc integrations, although the eects observed in spleen are much smaller than in the bursa.
Cells with proviral c-erbB integrations show a dierent pattern of appearance than proviral c-myc integrations.
ALV infection can also give rise to erythroblastosis in the spleen and bone marrow, after proviral integration within the c-erbB gene (Fung et al., 1983) . The Line 15I 5 67 1 and Line 6 3 strains both show a low incidence of erythroblastosis (Bacon et al., 1986) . The majority of the proviral integrations within the c-erbB gene of erythroblastosis tumors are found within intron 14 (Fung et al., 1983; Miles and Robinson, 1985) , as illustrated in Figure 7a . Our previous PCR analysis of proviral c-erbB integrations in 35 day-old Line 15I 5 67 1 birds showed that these integrations can be detected in bursa and other tissues by ampli®cation with sense LTR and antisense c-erbB exon 15 primers (Gong et al., 1998) . Figure 7b depicts the L1 and L2 LTR and E1 and E2 c-erbB primers used to amplify these integrations, and the c-erbB intron 14 probe used for Southern blot detection. We examined the appearance of proviral c-erbB integrations after ALV infection of Line 15I 5 67 1 and Line 6 3 embryos, to determine whether c-erbB integrations show a dierent pattern of expansion than c-myc integrations in each strain. Proviral c-erbB integrations are detected in spleen samples from some of the Line 15I 5 67 1 birds at 6 and 24 days of age, and in all of these birds at 35 days of age (Figure 8a) . A subset of the bone marrow samples also showed c-erbB integrations at each age (data not shown). These integrations range in length from about 300 ± 2500 bp, and map to dierent sites from intron 14 up through exon 12, with no clustering in the 3' region of intron 14 that is a common integration site in tumors (Fung et al., 1983; Miles and Robinson, 1985) . The average number of c-erbB integrations detected increased only about threefold in the spleen between 6 and 35 days of age (Table 1) . Interestingly, the abundance of cells with proviral c-erbB integrations did not appreciably increase during this time in spleen (Figure 8a ) or in bone marrow (data not shown). This indicates that proviral disruption of one c-erbB allele generally does not promote expansion of these cells. This pattern is dierent than that observed for proviral c-myc integrations, where proviral integration within intron 1 promotes the expansion of these cell populations, presumably after increasing c-myc expression.
Analysis of Line 6 3 birds shows a similar pattern of appearance of c-erbB integrations within the spleen (Figure 8b ). The abundance of cells with proviral cerbB integrations did not increase between 6 and 35 days of age in this strain, supporting the idea that most proviral c-erbB integrations do not aect cell growth. The average number of proviral c-erbB integrations did not increase between 6 and 35 days of age, in contrast to the threefold increase observed in spleens from Line 15I 5 67 1 birds (Table 1 ). This could re¯ect the relative resistance of Line 6 3 birds to erythroblastosis (Bacon et al., 1981) .
Proviral c-erbB integrations also were detected in some of the bursas from 6 day-old Line 15I 5 67 1 birds (Figure 9a ), even though this tissue is not involved in erythroblastosis. These integrations did not increase in abundance (Figure 9a ) or absolute number (Table 1) between 6 and 35 days, indicating that the bursal environment does not support the expansion of cells with proviral c-erbB integrations. Bursas from Line 6 3 birds showed a similar pattern of sporadic appearance of proviral c-erbB integrations (Figure 9b ). These ®ndings demonstrate that there is no dierence in the appearance of cells with c-erbB integrations in the bursas from Line 15I 5 67 1 or Line 6 3 birds. In contrast, cells with proviral c-myc integrations greatly increase in bursas from Line 15I 5 67 1 birds (Figure 2a ), but not in bursas from Line 6 3 birds (Figure 5a ). Therefore the slowed appearance of cells with proviral c-myc integrations in Line 6 3 birds is a speci®c eect of cmyc gene de-regulation in this lymphoma-resistant strain.
Discussion
The PCR assay we developed allowed analysis of the spread of retrovirus infection and the appearance of cells with proviral proto-oncogene integrations, at early stages after the introduction of virus in vivo. Day 10 embryos were infected with a low dose of RAV-1 virus, which rapidly replicated and spread so that tissues from all birds showed maximal infection by 6 days Figure 8 Appearance of proviral c-erbB integrations in spleens from Line 15I 5 67 1 and Line 6 3 birds. Proviral c-erbB integrations were ampli®ed from 3 mg spleen DNA by a nested PCR assay using sense LTR and antisense c-erbB primers, followed by Southern blot hybridization with a c-erbB intron 14 probe. The migration of HindIII-digested lambda DNA molecular weight markers (M) is indicated in kilobases. The position of integrations within exon 14 and intron 14 is indicated. (a) Line 15I 5 67 1 (b) Line 6 3 after hatching, only 17 days after the introduction of virus. The pattern of virus infection of bursa, spleen, and bone marrow was similar in each of the birds, indicating that all of these tissues were infected at the same rapid rate. In situ hybridization studies of infected embryos indicated that muscle is a major site of viral RNA production (Flamant et al., 1987) , suggesting that this tissue is an early reservoir for the ampli®cation of virus, which then eciently infects other tissues. The rapid establishment of maximal virus infection that we observed suggests that most of the cells with proviral proto-oncogene integrations arise before 6 days of age in birds infected as embryos.
Cells with proviral c-myc integrations were ®rst detected at 6 days of age in lymphoma-susceptible birds. The number and abundance of distinct c-myc integration events detected then increased through 35 days of age. The abundance of cells with proviral cmyc integrations increased in bursa, bone marrow, and spleen after ALV infection, indicating that all of these tissues can support the proliferation of cells with deregulated c-myc gene expression. However, the bursa showed the largest expansion of these populations, with a 40-fold increase in abundance during this 29 day interval. Previous estimates of the abundance of these cells indicated that roughly 1 in 350 bursal cells carry proviral c-myc integrations at 35 days of age (Gong et al., 1998) , so that these cells become remarkably abundant within the bursa. Transplantation studies have shown that the bursal environment is required for ALV induction of lymphomas (Peterson et al., 1966) . This could involve the favored expansion of cells with proviral c-myc integrations observed within the bursa. However, the spleen and bone marrow tissues that do not give rise to c-myc tumors also show hyperproliferation of cells with proviral c-myc integrations, so that the bursal environment is likely to provide an additional factor promoting the transformation of these cells. It is also possible that the proviral c-myc integrations arising in spleen and bone marrow are in non-B cell types that are not transformed by c-myc gene de-regulation.
The appearance of cells with proviral c-erbB integrations follows a program rather dierent than that observed for cells with c-myc integrations. A smaller number of distinct c-erbB integration events are observed in all tissues. Moreover, the abundance of cells with proviral c-erbB integrations does not increase in any of the tissues between 6 and 35 days of age, in contrast to the hyperproliferation seen in cells with c-myc integrations. This suggests that while cells with proviral c-erbB integrations can arise and divide along with other cells in these tissues, they do not have any growth advantage. These integrations may not give rise to correctly spliced gag-erbB transcripts that can generate a truncated and constitutively active EGF receptor kinase (Callaghan et al., 1993; Nilsen et al., 1985) . Thus the cells that give rise to the extensive proliferation characteristic of erythroblastosis may be only those rare c-erbB intron 14 integrations in erythroblasts that can generate a deregulated EGF receptor kinase. In contrast, proviral cmyc integration within the c-myc gene at any location upstream of intron 1 would likely increase c-myc protein expression to promote proliferation, so that cells with these integrations increase in abundance in all tissues whether or not they are able to give rise to tumors.
Susceptibility to ALV lymphomagenesis is developmentally regulated, as birds must be infected before 2 weeks of age in order to develop bursal lymphomas (Maas et al., 1982) . This developmental window represents the stage when immature bursal cells are present that can populate the bursa in transplantation experiments (Purchase et al., 1979) . We did not observe any obvious dierences in the accumulation of proviral c-myc integrations in immature bursal cells relative to later stages. However, the LTR PCR data indicate that viral infection and most proviral c-myc integration events initially arise during the window of tumor susceptibility before 2 weeks of age. The immature bursal cells present during this time may preferentially tolerate c-myc hyperexpression, while B cells from later developmental stages are unable to tolerate high c-myc levels. For example, reduced availability of growth factors could make more mature bursal cells susceptible to myc-induced apoptosis, as has previously been observed in ®broblasts and other cell types (Evan et al., 1992; Wurm et al., 1986) . Cells with proviral c-myc integrations arise and proliferate in bursa and other tissues from lymphomaresistant birds, although they expand much more slowly than cells with those integrations in lymphoma-susceptible birds. Both strains show a similar program of viral infection, so that this resistance must occur subsequent to the initial proviral c-myc integration event. The slowed expansion of cells with proviral c-myc integrations in resistant birds could re¯ect a failure of these cells to hyperproliferate under the in¯uence of c-myc hyperexpression. It is also possible that c-myc hyperexpression is toxic in these cells, so that cells with proviral c-myc integrations undergo an increased rate of c-myc-induced apoptosis (Evan et al., 1992; Wurm et al., 1986) . Studies of hybrid Line 6 3 -Line 15I birds showed that they develop lymphomas about 3 months later than Line 15I 5 67 2 lymphoma-susceptible birds (Bacon et al., 1978; Neiman et al., 1980) , so that this slowing of the expansion of cells with proviral c-myc genes may be a clue to the mechanism of tumor resistance in the Line 6 3 strain.
We previously found that LTR-enhanced c-myc transcription is dierentially regulated in bursa, spleen, and bone marrow of lymphoma-susceptible and -resistant birds (Ruddell et al., 1988) . Labile regulation of LTR-enhanced c-myc transcription in lymphoma-susceptible birds could promote expansion of target immature bursal cells, while stable c-myc hyperexpression in -resistant birds could slow the expansion of cells with proviral c-myc integrations. The major proteins regulating LTR-enhanced transcription in B cells have been identi®ed (Curristin et al., 1997) . The VBP, A1/EBP, and RelA (p65) transcription factors show labile LTR binding activity in gel shift assays, that speci®cally decreases after inhibition of protein synthesis in B cells (Bowers et al., 1996; Smith et al., 1994) . Dierences in the regulation of the DNA binding activity of these proteins, and the resulting eects on LTR-driven c-myc transcription, could mediate tumor susceptibility or resistance. The Line 6 3 strain is also resistant to reticuloendotheliosis virus-induced lymphomas involving proviral c-myc integration, and to Marek's herpes virus induction of T cell lymphomas (Bacon et al., 1981) , so that the genetic factors involved must also in¯uence formation of these other tumors.
Our studies show that cells with proviral c-myc or cerbB gene integrations arise in many tissues soon after retroviral infection, whether or not these integrations give rise to tumors. This suggests that tissue-speci®c secondary events are required for a subset of these cells to progress to form tumors in susceptible strains. This phenomenon of common proto-oncogene integration has also been observed in mammalian retroviral infections. Belli et al., (1995) found that gag-myb transcripts derived after proviral c-myc gene integration are detected in several tissues within 3 weeks after Moloney murine leukemia virus infection, whether the mice are susceptible or resistant to myb-induced myelomonocytic leukemogenesis (Nason-Burchenal, 1993) . Proto-oncogene de-regulation may also be common in the absence of retroviral infection, without leading to tumorigenesis. Muller and colleagues (Muller et al., 1997 (Muller et al., , 1996 found that cells with immunoglobulin-c-myc gene rearrangements arise and proliferate in several mouse strains whether they are susceptible or resistant to pristane induction of plasmacytomas involving these rearrangements. However, these rearrangements appeared in plasmacytomaresistant strains at about one third the level observed in susceptible mice. This is in agreement with our ®nding that cells with proviral c-myc integrations expand more slowly in lymphoma-resistant birds. Further studies will determine the molecular mechanism of resistance to c-myc-induced lymphomagenesis, and the second events required for tumor progression.
Materials and methods
Cell culture and virus infection of chick embryos
The S13 cell bursal lymphoma cell line was cultured as previously described (Hihara et al., 1980; Linial et al., 1985) , and was used as a source of virus for infection of embryos. Virus was isolated from log phase culture supernatants by low speed centrifugation, followed by 0.45 m cellulose acetate ®ltration. Virus was titered by enzyme-linked immunoadsorbant assay of serial dilutions (Smith et al., 1979) , performed by SPAFAS Inc. (Storrs, Connecticut). Line 15I 5 67 1 and Line 6 3 fertile eggs were obtained from the USDA Avian Disease and Oncology Laboratory (Lansing, MI). Ten day embryos were infected by injection of 100 mL of S13 supernatant (roughly 100 p.f.u.) into a chorioallantoic vein (Pink et al., 1985) . Hatched birds were sacri®ced at 6, 24, or 35 days of age by CO 2 euthanasia, followed by dissection of tissues, rinsing in saline, and storage at 7708C.
PCR ampli®cation and Southern blot hybridization
Frozen tissues were ground to a powder in a mortar and pestle on dry ice, and genomic DNA was prepared from aliquots as previously described (Gong et al., 1998) . Proviral c-myc integrations were ampli®ed from 3 mg genomic DNA in ThermoPol buer (New England Biolabs: 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 2 mM MgSO 4 , 0.1% Triton X-100, 20 mM Tris-HCl, pH 8.8) with 400 mM dATP, 400 mM dTTP, 400 mM dCTP, 320 mM dGTP, 80 mM 7-deaza dGTP (Boehringer Mannheim), and 1 mM each of the sense U5 LTR (L1) and antisense c-myc exon 2 (M1) primers, in a total volume of 50 mL (Gong et al., 1998) . Samples were denatured at 988C 10 min, and 4 U Taq polymerase (Perkin Elmer-Cetus) and 0.08 U of Vent polymerase (New England Biolabs) were added at 908C. Thermal cycling was performed using two cycles of 968C for 2 min, and 628C for 5 min, followed by 23 cycles at 958C for 1 min, and 628C 5 min, and ®nally 728C for 10 min. A second round of PCR used nested LTR (L2) and c-myc (M2) primers to amplify 6 mL of a 1 : 500 dilution of the ®rst round products. The same ampli®cation conditions were used as for the ®rst round PCR, except that the concentration of each primer was increased to 2 mM, the amount of Taq polymerase was increased to 5 U, and Vent polymerase was increased to 0.1 U. Viral infection was analysed by ampli®cation of 0.15 mg genomic DNA using 5' (L3) and 3' (L4) LTR primers using standard PCR conditions previously described (Gong et al., 1998) .
Proviral c-erbB integrations were ampli®ed from 3 mg of genomic DNA using the L1 LTR primer and an antisense cerbB exon 15 primer (E1), using previously described PCR conditions (Gong et al., 1998) . Second round PCR used the nested L2 LTR and E2 c-erbB gene primers to amplify 2 mL of a 1 : 50 dilution of the ®rst round PCR products.
PCR products (5 ml) were separated on 2% agarose gels in Tris-borate-EDTA buer, and were transferred to nitrocellulose. The c-myc intron 1, LTR, or c-erbB intron 14 probes (Gong et al., 1998) were labeled with 32 P-dCTP and 32 P-dCTP by random priming (Boehringer Mannheim), and were hybridized to blots. Hybridization signals in blots of each tissue were quantitated by phosphorimaging using the ImageQuant Program (Molecular Dynamics).
